Highquality single layer and bilayer diamond-like carbon (DLC) thin films are fabricated by two technologies, namely, ion-assisted plasma-enhanced deposition (IAPED) and electron cyclotron resonance (ECR) deposition. Deposition on various substrates such as sapphires and solar cells has been performed at low substrate temperatures (5O0-8OoC). The twu deposition technologies allow good control over the growth conditions to produce DLC films with desired optical properties, thickness, and energy bandgap. The bilayer structured DLC can be fabricated by using IAPED for the bottom layer followed by ECR for the top layer, or just by IAPED for both layers with different compositions. The DLC films have shown good spatial uniformity, density, microhardness, and adhesion strength. They exhibit excellent stability against attack by strong acids, prolonged damp-heat exposure at 85°C and 85% relative humidity, mechanical scratch, ultrasonication, and irradiation by ultraviolet (UV), protons. and electrons.
INTRODUCTION
Diamond-like carbon (DLC) coatings have received increasing attention in the past decade for their unique physical and electrical properties. They may have great potential in various applications, as reviewed independentfy by Lifshitz [I] and Grill [2] in 1999. For example, Park and Chin employed DLC to protect polycarbonate sheets from radiation-induced degradation [3] . Litovchenko [SI. For DLC coatings to be practically useful for space or terrestrial solar cells, two issues have to be resolved. The first issue is the potential reflection loss resulting from the large refractive index of the DLC coatings, and the second issue is the need to resist the irradiation encountered in 0-7803 -870 7-4/05/$20.00 02005 IEEE, 1339
space. These issues are addressed in this project by using a bilayer structure of DLC coatings. In this design, the refractive index, energy bandgap, and thickness of the two DLC layers are the key factors that require good control in film growth. The first (bottom) DLC layer, adjacent to the p-n junction of a solar cell, should meet the conditions of antireflection and be thin enough that the requirements for the energy bandgap can be relaxed. This, in tum, can minimize the transmission loss. The second (top) DLC layer should have a lower refractive index to minimize reflection fosses at the surface of the structure, a large energy bandgap to minimize absorption loss, and a thickness large enough to provide adequate radiatiow stopping power. This project has focused on the developments of WO DLC deposition technologies for single layer and bilayer DLC films with controllable energy bandgap and refractive index. The effect of deposition conditions. different gas mixtures, physical properties, and the ability of the DLC films to withstand weathering including UV, electron, and proton irradiations, are studied. cm2 at relatively low deposition temperatures (50°-800C). The other technique developed for DLC film. growth is ECR deposition using a custom-built system. In this technique, the strength of the applied magnetic field is selected so that the resulting frequency of electron gyration is equal to that of the microwave frequency.
When the two frequencies are matched. the plasma density is dramatically increased by the enhanced absorption of microwave energy by the plasma. Single layer DLC films from either method and bilayer films from subsequent depositions first by IAPED and then by ECR were prepared. The DLC films were characterized for their transmission, reflectance, Raman. adhesion strength, morphology, and resistance to strong acids, damp-heat exposure, and irradiations of UV, electrons, and protons.
RESULTS AND DISCUSSION
As stated in the Introduction, two issues have to be resolved for the DLC films to be practically useful for space or terrestrial solar cells: (1) the potential reflection loss resulting from the large refractive index of the DLC coating and (2) the resistance to the irradiation in space. These issues are addressed in this project by using a bilayer structure of DLC coatings as shown in Fig refractive index to minimize reflection losses at the surface of the structure with a large energy bandgap to minimize absorption losses and a thickness high enough to provide adequate resistance to radiation. The bilayer-structured DLC can be fabricated by using IAPED for the bottom (first) layer followed by ECR for the top (second) layer, or just by IAPED with different compositions for both layers.
Optically, the DLC film's thickness affected its transmittance (not shown) and reflectance spectra. The latter is illustrated in Fig. 2 for some DLC films of various thicknesses deposited on Si substrates by IAPED. As seen, optimal reduction in reflectance loss can be obtained with adequate film thickness. Table 2 .
Results of Raman shfi analysis for these films in Fig.  3 show a broad emission peak centered at -1535 cm*' compared to the sharp peak at 1332 cm-' for sp3 of a pure diamond, confirming that the DLC films are primaril amorphous, but with a predominant characteristic of sp . An increase in the cell efficiency on c-Si and GaAs solar cells was obtained when they were coated with DLC films. The current-voltage and power-voltage curves for a c-Si cell before and after a single layer DLC film was deposited is shown in Fig. 4 . the effect of anti-reflection of the DLC coating, although contribution by reduced surface boundary recombination loss was also possible. For the GaAs cell sample, the efficiency improvements are shown in Table 3 . In this case, the first layer DLC coating was applied by IWED on the GaAs cell whose original ZnS AR coating was removed, resulting in a cell increase from 9.26% to 11.0%. With second DLC layer deposited by ECR, the cell efficiency increased further to 12.5%. higher than the 12.2% with ZnS AR coating. This demonstrates the feasibility of depositing bilayer-stmctured DLC coating by the two deposition technologies. The bilayer-structured DLC coating was also fabricated by using IAPED method with continuous composition gradient. The DLC coatings have also been applied successfully to thin-film amorphous Si cells and mini-modules. These results will be presented elsewhere.
The DLC films were very resistant to the attacks of high humidity at high temperature and mineral acids such as HCI, HNOs, and HzS04, as demonstrated in Table 4 for Si cells with DLC coatings. In comparison, ZnS is easily attacked by mineral acids. The DLC films on Si wafers showed virtually no change in reflectance afier 762h of dampheat exposure at 85OC and 85% relative humidity (RH). The DLC films deposited on Si wafer or cell were very resistant to mechanical scratch and ultrasonication tests, no scratch-off or peel-off was observed. They also exhibited excellent stabilities against UV, proton, and electron irradiations, as illustrated in Figs. 5 and 6, showing very little change in the spectral efficiency of Si cells when protected by 1.5p DLC films (Fig. 5 ) and small change in the transmittance spectrum of 0.51-~.1rn DLC films on sapphire (Fig. 6 ) before and after irradiation 
CONCLUSIONS
Highquality DLC films were obtained using ionassisted plasma-enhanced and electron cyclotron resonance deposition technologies. The two technologies allowed DLC film fabrications at low temperatures with good spatial uniformity. Single and bilayer DLC films were obtained with good control of the deposition parameters and feed-gas mixture for desired transmittance, reflectance, thickness, and refractive index that can be fine-tuned in the range of 1.5-2.6, and an energy bandgap of up to 4.0 eV. The DLC films, when deposited on crystalline Si wafers, have shown excellent stability against mineral acids and prolonged damp heat exposure, high adhesion strength, and excellent stability against irradiations. Sewing as both an antireflection coating and a protective encapsulant, the DLC films enhanced the efficiency of c-Si and GaAs solar cells.
